Abstract: Large quantities of silica nanowires were synthesized through thermal treatment of silicon wafer in the atmosphere of N 2 /H 2 (5%) under 1200 °C with Cu as catalyst. These nanowires grew to form a natural brightwhite mat, which showed highly diffusive reflectivity over the UV-visible range, with more than 60% at the whole range and up to 88% at 350 nm. The utilization of silica nanowires in diffusive coating on the reflector cup of LED is demonstrated, which shows greatly improved light distribution comparing with the specular reflector cup. It is expected that these nanowires can be promising coating material for optoelectronic applications.
Introduction
One-dimensional (1-D) structures, such as nanowires, nanobelts and nanotubes, have intrigued considerable research enthusiasm for their unique properties and promising applications as building blocks in nanoscale electronics and optoelectronics, which is superior to their bulk counterparts [1, 2] . Silicon based nanowires are especially attractive due to their valuable semiconducting, electrical, and optical properties, as well as their potential application in the fields of photonics, photovoltaics, and sensors [3] [4] [5] . As an excellent electrical insulator, silica is abundant in nature and possesses diverse phases [6] . Its 1-D structure, silica nanowires, have been recently designated for usage as high-intensity light sources, near-field optical microscopy probes, and interconnections in integrated optical systems [7] . Progress in the ability to fabricate silica nanowires with large quantity and high quality is in urgent demand to produce a new class of silica nanowire based devices.
With the rapidly increasing demand for high-bright lighting sources, the energy-saving LEDs have attracted more and more attentions for both experiment and commercialization [8] . It has been well-known that LEDs offer a number of advantages compared to existing light source because of the increased lifetimes, reduced power, small size, higher brightness and better spectral purity [9] [10] [11] [12] . LED performance has improved by a factor of 10 per decade. However, the light extraction efficiency of LEDs is still quite low because of total internal reflection, Fennel reflection and absorption by inherent components [13] . Moreover, the nonuniform illumination of LED light sources still remains an issue in practical applications. Until now, there are many techniques to improve the emitting performance of LEDs, such as chip shaping, surface roughing and high refractive index encapsulant materials [14, 15] . In this article, we introduced the novel idea of using silica nanowires as the optical coatings to the design and fabrication of high-bright LEDs and studied their influence on the lighting performance.
Herein, we have successfully fabricated a large scale of silica nanowires via vapor-liquidsolid (VLS) mechanism with Cu as the catalyst. These grown nanowires formed a brilliant white mat, which demonstrated high diffusive reflectivity at the UV-visible light range. They were applied in this work as diffusive coating material for the reflector cup of LED lamps, and the influence of nanowire coating on emitting intensity and uniformity was further explored.
Material and methods
The experimental procedure to synthesize the nanowire was presented in Fig. 1(a) , which mainly consisted of three steps. The first step was cleaning the Si wafer: the single-crystalline Si wafer [100] with a native oxidation layer (5 nm) was first dipped into acetone under ultrasonic agitation for 10 min to erase the surface contaminations, and then handled with SPM (H 2 SO 4 :H 2 O 2 = 2:1) solution. The following metal deposition was conducted with radio frequency magnetron sputtering using a 99.9% copper target. A Cu film with 50 nm thickness would act as catalyst in later nanowire growth. The copper-coated silicon wafer was then loaded to a quartz crucible boat placed in the central region of an alumina tube furnace (GSL-1400X), shown as Fig. 1(b) . Before the experiment, the furnace was evacuated to 10 −3 Torr and then flushed with N 2 (99.999%) several times to eliminate the oxygen and moisture in the chamber. The crucible was heated to 1200 °C at the heating rate of 15 °C/min under a N 2 flow of 50 standard cubic centimeters per minute (sccm). When the temperature reached the preset value, the gas flux was switched to mixture gas flow of H 2 (5%)/N 2 at a rate of 100 sccm, and the purity of H 2 is 99.999%. Growth was carried out for 2 h at this temperature in the mixed atmosphere, and then the furnace was cooled to room temperature using N 2 as the feed gas. The temperature control curve is presented in Fig. 1(c) . When the furnace was naturally cooled down to room temperature, ultra-bright white products were observed on the wafer. The structure and morphology of the products were characterized using a scanning electron microscope (SEM, JEOL JSM-5510LV) operated at 20 keV, high resolution transmission electron microscope (HRTEM, FEI-F20) equipped with energy-dispersive x-ray (EDX) and selected-area electron diffraction (SAED). UV-Vis spectrophotometer (Lambda 35, America PerkinElmer) was conducted to quantitatively characterize the reflectance of SiO 2 nanowire mat on silicon wafer. The emitting spectra of displayed LED lamps were characterized with an optical spectrophotometer (Ocean Optics HR2000 +), where their total intensity was measured with an integrated sphere detector, and emitting intensity at different angles was obtained through a 1 mm probe (QR400-7-UV/VIS). It should be noted that there was no other silicon species introduced into the system, so the silicon wafer was the only silicon sources. At high temperature, the thin Cu layer might be melted and shrink into nano-sized droplets which would act as catalysts for nanowire growth. In the initial stage, the native oxide might react with the silicon substrate to generate SiO vapor, which would partly decompose into SiO 2 vapor and Si vapor in return. Meanwhile, the silicon exposed to the environment could react with oxygen to generate more SiO vapor, or diffused into Cu droplets leading to the formation of Cu-Si alloys. The vapor consisting of O and Si would be absorbed by the alloy. When the concentrations of Si and O in the alloy were high enough, they would react to form SiO 2 nanoparticle which acted as the nucleation site, and thus to initiate the growth of the SiO 2 nanowires. By continuously supplying Si and O into the alloy droplets, the silica nanowires grew through VLS mechanism. Besides the decomposition of the native oxide layer, the oxygen source could also come from the residue oxygen in the reaction chamber, the trace amount of oxygen in feeding gas, and the leakage of our vacuum system. The dominant oxygen source could come from the leakage of our furnace vacuum system for the synthesis of large quantities of silica nanowires [16] .
Results and discussion

Morphology and structure of nanowires
Optical property of the nanowire mat
The optical reflection properties of disordered nanowire mats mainly arise from multiple scattering, which could be used as diffuse optical reflectors [17, 18] . Thick disorder-distributed nanowire mats have especially high diffuse reflectivity, due to light scattering from many nanowires unlike the ordered nanowires displaying very low reflectivity [19] . Thus, the synthesized silica nanowire mat with the thickness up to hundreds of micrometers could have a diffusive surface. Visual inspection of the obtained sample shows no specular reflection and no obvious angular anisotropy. UV-Vis spectrophotometer with a 50mm integrated sphere detector was applied to quantitatively characterize the reflectance of silica nanowire mat on silicon wafer. The reflectivity of the sample at wavelength ranging from 350 nm to 800 nm is shown in Fig. 3(a) . At the whole measured range, the reflectivity of silica nanowire mat is maintained above 60% and up to 88% at 350 nm. The fabricated nanowire mat has the property of outstanding optical reflection especially in the UV range, indicating its potential application in UV lighting devices. To evaluate the performance of these nanowires on color luminescent emission, the Commission International Del'Eclairage (CIE) chromaticity coordinates of x and y were obtained for this material, shown in Fig. 3(b) . For SiO 2 nanowires, the CIE coordinates were found to be x = 0.42, y = 0.4, which lies just near the white point with the white point to be x = 0.35 and y = 0.35. 
The application of silica nanowires in UV LED lamps
The specular reflector cup [shown as an inset in Fig. 4(a) ] is made from Low-Temperature Co-fired Ceramics coated with Ag, and its specular reflectivity taken at normal incident angle is shown in Fig. 4(a) . Silica nanowires were affixed to the reflector cup through spin-coating of nanowire-containing silicone (OE6550, with a weight ratio of A:B = 1:1) onto cup surface. Firstly, the synthesized nanowires on the silicon substrate were collected and treated by the mixed solution of ethanol and silane coupling agent (KH-550) for improved dispersion in silicone; secondly, the nanowires were mixed with silicone with the weight ratio of 1:100 and the mixture was ultrasonic vibrated for 15 min, followed by vacuum-pumping for 10 min; then, the mixture was ready for spin-coating. The coating thickness and uniformity were controlled by the spinning speed. In our experiment, the speed was set to be 1000 rpm for 10 s and followed by 2000 rpm for 30 s. Finally, the coating was baked at 120 °C for 1 h and the diffusive reflector cup was prepared. The cross-sectional image of diffusive reflector cup [ Fig.  4(b) ] showed that the coating layer was well attached to the cup surface, with uniform thickness of around 50 µm. The corresponding SEM image [ Fig. 4(c) ] acquired at crosssection outlined by the rectangle in Fig. 4(b) , indicated that the nanowires were evenly and disorderly distributed in silicone. Using specular and diffusive reflector cups, GaN-based specular and diffusive UV LED lamps (λ = 380 nm) were respectively fabricated with the following process. GaN chip was first die-bonded to the bottom of reñector cup by silvercontaining adhesive and cured at 150 °C for 2 h; then, wire bonding was conducted for the chip followed by encapsulation of the same silicone; finally, an optical lens was attached onto the encapsulant through curing process. The scheme of a LED lamp is shown as Fig. 5(a) . The photographic images of the LED lamps before and after energized are shown, respectively, in Figs. 5(b) and 5(c), with the diffusive one at the left side and specular at the right side. These two kinds of LEDs have almost the same appearance before and after charged. The emission spectra of the diffusive and specular LEDs [ Fig. 5(d) ] were measured using an optics characterization system with an integrated sphere detector and the integral time was set to be 500 ms. There is no obvious difference between the two measured spectra, where the LED with specular reflector cup is slightly higher in total emitting intensity. To investigate the effect of silica nanowires on light extracting uniformity, a spectrometer with 1 mm probe was utilized to explore the emitting distribution at different angles. The probe was initially located at the top of lamp, defined as 0°, and then it was rotated by 10°, 20°, 30°. The light intensity distributions of specular and diffusive LED lamps from different angles are shown as Figs. 6(a) and 6(b). The peak intensity of 0 degree in diffusive LED lamp was lower than in specular LED lamp. It was probably due to that the nanowires distributed in silica gel induced strong scattering in diffusive LED lamp, while the specular reflector cup had high reflectivity of 92% at 380 nm from 0 degree as shown in Fig. 4(a) . It's obvious that with the detection angle increasing, the light intensity of specular LED decreases more rapidly. Peak intensities varing with detection angles are plotted and compared in Fig. 6(c) , in which the changing tendency can be more easily interpreted. Compared with the specular LED, the diffusive lamp shows a much slower decreasing rate, indicating that the diffusive LED has a more uniform light distribution. This improvement is attributed to SiO 2 nanowire coating, which introduce a chaotic diffuse reflection pattern and scatter the emission from LED chip in each direction, and thus distribute the emitted light evenly. 
Conclusion
In conclusion, we successfully fabricated a large quantity of SiO 2 nanowires using a scalable and uncomplicated process. These nanowires formed highly bright-white mat displaying exceptional diffusive reflectance at the UV-visible light range. It has been demonstrated that the obtained nanowires could be an excellent candidate as coating materials over conventional specular reflector cup for a more uniform LED lighting, which may find wide applications in optoelectronic area.
